The three-dimensional solution structure of the HIV-I protease homodimer, MW 22.2 kDa, complexed to a potent, cyclic urea-based inhibitor, DMP323, is reported. This is the first solution structure of an HIV proteasehnhibitor complex that has been elucidated. Multidimensional heteronuclear NMR spectra were used to assemble more than 4,200 distance and angle constraints. Using the constraints, together with a hybrid distance geometry/simulated annealing protocol, an ensemble of 28 NMR structures was calculated having no distance or angle violations greater than 0.3 A or 5", respectively. Neglecting residues in disordered loops, the RMS deviation (RMSD) for backbone atoms in the family of structures was 0.60 A relative to the average structure. The individual NMR structures had excellent covalent geometry and stereochemistry, as did the restrained minimized average structure. The latter structure is similar to the 1.8-A X-ray structure of the protease/DMP323 complex (Chang C H et al., 1995, Protein Science, submitted); the pairwise backbone RMSD calculated for the two structures is 1.22 A.
Structural proteins and enzymes that are essential to the life cycle of the HIV virus are products of the enzymatic cleavage of the polyprotein products of the gag and pol viral genes (Kohl et al., 1988; Seelmeier et al., 1988) . The enzyme responsible for the cleavage reactions is the HIV aspartyl protease, and inhibition of this protease leads to the production of noninfectious viral particles. Hence, this enzyme has become a primary target for rational drug design, based upon X-ray structures of the free protease and the protease complexed with a variety of inhibitors (Wlodawer & Erickson, 1993; Lam et al., 1994) .
The HIV protease, a dimer made up of two identical monomers each containing 99 residues, is a member of the family of 495 aspartyl protease molecules. X-ray diffraction studies showed that there are structural similarities between the HIV protease and members of the pepsin family of mammalian proteases (Wlodawer & Erickson, 1993) . However, it was quickly recognized that important differences in the detailed structures of the HIV and mammalian proteases could be exploited to design inhibitors that would be specific to the viral enzyme (Wlodawer & Erickson, 1993) . One significant structural difference between the viral and mammalian proteases is the presence of a structural water molecule that coordinates the tips of the viral protease flaps to the inhibitor. For this reason, cyclic urea inhibitors, (such as DMP323, Fig. 1) were designed with the urea oxygen incorporated to mimic the oxygen of the structural water . As anticipated, the urea oxygen accepts hydrogen bonds from residues in the tips of the flaps in the HIV protease/cyclic urea complexes and the structural water molecule is absent (Grzesiek et al., 1994; Lam et al., 1994) . Furthermore, the cyclic urea inhibitors have very low affinity for mammalian proteases, presumably because of steric contacts of the protein with the urea oxygen. In addition to their high specificity, cyclic urea inhibitors have high affinity for the HIV protease, ascribed to their design, which preorganizes protease binding substituents on a rigid, seven-membered ring. The high specificity and affinity of these compounds for the HIV protease make them attractive lead compounds for drug development.
Many crystal structures of HIV proteasehhibitor complexes, including several cyclic urea complexes, have been determined. However, a solution structure is not available for the protease, either in the presence or absence of an inhibitor. Although highresolution NMR techniques are well-suited to determine the structure of a molecule of the size of the protease, 22 kDa, the fact that the protein is subject to rapid autolysis frustrated solution studies until highly potent inhibitors, like the cyclic ureas, became available. Recent NMR studies of protease secondary structure (Yamazaki et al., 1994a) , bound water, pK, values (Yamazaki et al., 1994b) , and internal dynamics (Nicholson et al., 1995b) have provided novel information that complements the extensive structural information derived from crystal structures. We expect NMR structural studies to yield new insights about local conformation, particularly in regions of the protease that are disordered or have variable structures in the crystalline state. Structural differences between crystalline and solution states are likely in flexible surface regions of the molecule that may have important roles in function. A further reason for determining the solution structure is that it will provide information that will be useful for future studies of protease hy- showing the numbering scheme used to identify the hydrogen and heavy atoms of the molecule.
dration and side-chain dynamics. Finally, the interest in the cyclic urea class of inhibitors, as lead compounds for antiviral agents, provided the motivation for working on the DMP323 complex.
Results

'H, "N, and '"C signal assignments
The protease homodimer contains 99 residues in each monomer chain, numbered herein 1-99 and 101-199. The observation that residues i and i + 100 have identical chemical shifts shows that the average solution structure is symmetric on the chemical shift time scale (ms-ps). Nonstereospecific signal assignments of nearly all ' H , I5N, and I3C signals of the protease, bound to DMP323, have been reported (Yamazaki et al., 1994a) . In order to obtain a high-precision NMR structure, these assignments were extended by obtaining stereospecific assignments of many methylene protons and methyl protons of Val and Leu residues. Stereospecific assignments of Gly a-protons were derived from 3 J~~~w coupling constants, intraresidue NOEs between HN and a-protons, and sequential NOEs between Gly a-protons ( i ) and HN protons ( i + 1). The @-protons of 49 residues in each monomer were stereospecifically assigned using J couplings, obtained from HNHB (Archer et a] ., 1991) and HOHAHA-HMQC (Marion et al., 1989) spectra, and intraresidue a-@ distances, estimated from NOEIROE spectra, as described by Clore et al. (1991) . In some cases, local secondary structure, together with short-range NOEs, were used to assist in making the stereospecific assignments. The signals of all Val y-methyl groups were stereospecifically assigned from estimates of 3 J~~c T (Vuister et ai., 1993a) , 3 J~~~@ (Archer et a] ., 1991), and 3 J~~~a spectra (Vuister & Bax, 1993) , and NOEs between Val a-@ and a -y protons. The signals of the Leu &-methyl groups were stereospecifically assigned from NOE patterns observed in 3D NOESY (Marion et al., 1989) and ROESY (Clore et al., 1991) , and 4D NOESY (Vuister et al., 1993b) 
The proton signals of DMP323 were assigned using a combination of 2D "C filtered (in F1 and F2) COSY and NOESY spectra, the latter obtained with mixing times of 50 and 80 ms. The detailed procedure used to assign the DMP323 proton signals is provided in the Supplementary material in the Electronic Appendix, together with all protein and inhibitor signal assignments. For purposes of subsequent discussion, the DMP323 assignments are also listed in Table 1 , and the numbering scheme used to identify the hydrogen and heavy atoms of DMP323 is provided in Figure 1 .
Dihedral angles 6, 4 and xI J H N H u coupling constants were determined from intensities measured in a 3D HNHA spectrum (Vuister & Bax, 1993) , and were used to estimate q5 angles for 68 residues in each monomer.
Estimates of I5 4 angles per monomer were obtained from analysis of sequential and short-range NOEs, and the values of 66 x, angles were estimated from analysis of the relative intensities of cross peaks observed in the 3D I5N-edited NOESY and HOHAHA, I3C-separated ROESY, and HNHB experiments (Archer et al., 1991; Clore et al., 1991 Secondary structure and /3-sheet topology of the monomer
The secondary structure of the protease bound to DMP323 was determined from short-range NOE connectivities, hydrogendeuterium exchange measurements, 3JHNHa coupling constants, and 13Cm/13C0 chemical shifts. Although these results have been presented (Yamazaki et al., 1994a) , for completeness and to document a few minor revisions, an updated list of this data is provided in the Supplementary material in the Electronic Appendix.
The @sheet topology of each protease monomer was derived from long-range, intramonomer a-a, a-HN, and HN-HN NOEs, together with hydrogen bonds assigned to slowly exchanging amide protons. Intramonomer NOEs were distinguished from intermonomer NOEs by comparing 3D heteronuclear NOESY-HMQC spectra of fully 'SN/13C-labeled protease with spectra of an isotopic heterodimer in which ca. 50% of the monomer molecules are labeled with 15N/13C. The latter spectra were obtained with I3C selection in one proton dimension and I3C filtering in the other proton dimension, hence the experiment strongly selects for intermonomer NOEs (Burgering et al., 1993; Folkers et al., 1993) .
Determination of the tertiary structure of the protease dimer, without inclusion of DMP323 in the structure
A systematic three-step approach was used to determine the 3D structure of the complex. An approximate monomer structure was first determined, then the dimer structure without DMP323 was derived, and lastly the structure of the full proteaselinhibitor complex was found. This stepwise strategy was employed so that errors in intramonomer, intermonomer, and protein/ inhibitor constraints could be identified and corrected in separate stages of the structure determination.
A preliminary monomer structure was calculated using ca. 1,200 intramonomer distance and dihedral angle constraints together with a hybrid DG/SA protocol (Nilges et al., 1988) as contained in the X-PLOR 3.1 program (Briinger, 1992) and outlined in the Materials and methods. Although the average monomer structure so obtained had the same general overall fold as the monomer observed in the crystal structure of the protease/cyclic urea complexes , it was considerably more disordered than the X-ray structure. In particular, residues in the dimer interface observed to be ordered in the crystal structure were disordered in the monomer structure derived using only intramonomer NMR constraints.
The first step in determining the dimer structure was to use intermonomer m a , a-HN, and HN-HN NOEs and hydrogen bonds (assigned to slowly exchanging amide protons) to work out the topology of the interfacial four-stranded &sheet formed by the N-and C-terminal P-strands of the protease monomers. The topology of the four-stranded sheet, together with the NOEs and hydrogen bonds used to work out the structure, are given in Figure 2 . As evident, the four strands have an antiparallel 01-lO'-p 10-0 1' arrangement as observed in HIV-protease crystal structures (Wlodawer & Erickson, 1993) . The P-sheet topology in solution was determined independently of the crystal structure, by comparing the intensities of NOE observed in the spectra of an isotopic heterodimer with NOEs observed for a fully labeled I3C/"N sample. NOE connectivities involving aprotons in N-and C-terminal residues, observed in 13C-filtered 3D 'H-I3C NOESY-HMQC spectra, are shown in Figure 3 . All of the intermonomer long-range NOEs depicted in Figure 2 , with the exception of the Thr-4/Thr-196 d,, NOEs, were observed in the heteronuclear filtered/edited 3D NOESY spectra. The Thr-4/Thr-196 cross peaks are coincident with the HDO and/or H" diagonal signals, making them difficult to identify in the 3D spectra. However, these NOEs are observed in the 4D I3C/I3C-separated NOESY spectrum.
In addition to residues in the N-and C-terminal regions of the protease sequence, residues 25-27 and 49-54 (Figs. 4, 5 ) were observed to have intermonomer NOEs. In all, ca.
200 intermonomer NOEs were assigned, and were combined with the in- Heavy lines denote observed long-range NOEs and dashed lines signify hydrogen bonds. Intermonomer and intramonomer NOEs were distinguished by comparing 3D NOESY heteronuclear edited spectra of samples fully '5N/'3C enriched with 3D NOESY heteronuclear filtered/edited spectra of samples that were a random mixture of 50% '5N/13C-labeled and 50% natural abundance monomers (Burgering et al., 1993; Folkers et al., 1993) (the isotopic heterodimer). Amide hydrogen bond donors were identified on the basis of slowly exchanging amide protons. Heavy arrows indicate the direction of the strands and the diamond indicates the twofold symmetry axis of the protease dimer. tramonomer constraints to obtain a structure of the HIV protease dimer (without DMP323). The (RMSD) for nine dimer structures was 0.85 A for backbone atom and 1.35 A for all non-hydrogen atom coordinates, respectively. The overall structure of the dimer without DMP323 was quite similar to the crystal structure of the dimer in the protease/DMP323 complex (Lam et ai., 1994) . As expected, the side chains of amino acids that make up the inhibitor binding pocket were more disordered in the NMR structure lacking the inhibitor than in the X-ray structure (Chang et ai., submitted) . However, the backbone atoms of these residues were well organized even in the absence of the inhibitor.
Tertiary structure of the protease/DMP323 complex
A conformational analysis (Lam et ai., 1994) predicted that the seven-membered cyclic urea ring conformation of DMP323 (Fig. 6) , with pseudo diaxial benzyl groups (PI and Pl') and pseudo diequatorial hydroxyl groups, is strongly preferred over the possible alternative conformation having pseudo diequatorial benzyl groups and pseudo diaxial hydroxyl groups. This prediction was subsequently confirmed by X-ray diffrac- tion studies of crystalline DMP323 and cyclic urea-protease complexes . NOEs observed for DMP323, bound to the protease in solution, are consistent with the ring conformation shown in Figure 6 , but not with the alternative ring conformation. The latter conformation predicts that H601 and H602 have strong NOE connectivities with H701 and H702, whereas NOEs between these protons are not observed. This observation, together with the fact that these protons show intense NOEs with other protons in the inhibitor and the protein, indicates that their internuclear distances are >4 A , and not consistent with the alternative conformation having diequatorial benzyl groups. Initially, X-PLOR parameter and topology files were constructed for the DMP323 molecule in which the cyclic urea ring conformation was not fixed, as shown in Figure 6 . However, application of the X-PLOR protocol invariably yielded structures in which the urea ring assumed a twisted chair conformation with numerous violations of NOE constraints between protons o f the DMP323 methylene and aromatic substituents and the protease. Evidently, the force field used by X-PLOR is not appropriate for the cyclic urea ring and, for this reason, the cy- clic urea ring was constrained to the conformation shown in Figure 6 , as described in the Materials and methods. This procedure yielded low-energy structures of the protease/DMP323 complex without violations of NOE constraints. In solving the crystal structure of the complex (Chang et al., submitted) the conformation of the cyclic urea ring was also fixed to the small molecule crystal conformation shown in Figure 6 , and subsequent refinement showed that the structure was preserved in the protein complex. NOEs between DMP323 and the protease were identified in 3D 'H-I5N NOESY-HSQC (I3C filtered in F1) and 3D 'H-I3C NOESY-HMQC (I3C selected in FI and filtered in F3) spectra of the isotopic heterodimer. The proteidligand NOEs identified in these spectra were confirmed by proteidDMP323 NOEs observed in 3D heteronuclear filtered spectra (Ikura & Bax, 1992) obtained on samples of the protease/DMP323 complex containing fully 13C/15N enriched protein. Although the above spectra allowed proteidDMP323 NOEs to be identified readily, Figure 5 is assigned to Ile-50 NH and DMP323 H201. However, because symmetry-related protons have identical chemical shifts, this NOE could equally well be assigned to the amide of Ile-50 NH and/or to the DMP H701. The situation is even more ambiguous for NOEs assigned to DMP aromatic protons, because the aromatic rings of the PI /P 1 '/P2/P2' groups undergo fast flips on the chemical shift time scale, as shown by the identical chemical shifts of all pairs of meta and ortho benzyl ring protons. Hence, the twofold symmetry of the complex and the fast benzyl ring flips make the chemical shift of each DMP323 ortho and meta aromatic proton fourfold degenerate. The problem of assigning the symmetry-related protease/DMP323 NOEs was approached by two independent methods. The first method was computationally efficient, but relied upon information derived from the protease crystal structures. Using this approach, DMP323 was docked into the NMRderived structure of the protease (obtained without inclusion of the protease/DMP323 constraints) by placing the urea oxygen along the symmetry axis of the molecule and the inhibitor diol moieties proximal to the D25/D125 Asp carboxyl groups. This positioning of the DMP323 molecule is consistent with previous X-ray and NMR work (Grzesiek et al., 1994; Yamazaki et al., 1994a Yamazaki et al., , 1994b Nicholson et al., 1995b) on the interaction of DMP323 with the protease, and places the P,/Pj groups close to the amino acid residues in the complementary S j / S i sites of the protein (Wlodawer & Erickson, 1993) . Positioning the inhibitor in this fashion allowed NOEs from several P,/P; sites and S,/S; sites to be distinguished. The crystal structure of the protease/DMP323 complex Chang et al., 1995) was used to resolve ambiguity in as-
signing NOEs involving the symmetry-related ortho and meta aromatic ring carbons of DMP323. The 3D structure of the protease/DMP323 complex was determined using the distance and dihedral angle constraints obtained from the NMR data in a hybrid DG/SA approach (Nilges et al., 1988; Briinger, 1992) . Of the 40 extended initial structures generated using the X-PLOR 3.1 program (Brunger, 1992) . 28 final structures (calculated as described in the Materials and methods) had acceptably small distance (<0.3 A ) and angle (<So) violations. The NMR constraints used to derive the 28 structures are summarized in Table 2 , along with the statistics of the structures. The superposed Ca coordinates of the accepted structures (Fig. 7A ) are well aligned, except for residues A 4-8 in the N-terminal loop, residues 36-45 in the broad loop connecting the active site and flap domains, and residues 67-69 in a @-hairpin. Excluding residues in these loops, the backbone (RMSD) is 0.60 A for non-hydrogen backbone atoms, and in-B [SA) is the ensemble of 28 final structures; (SA), is obtained by restrained minimization of the average of [ SA] .
Values of the square-well NOE (FNoE), dihedral angle (Fdih) and repulsion potentials (Frepel) are calculated with force constants given by Clore et al. (1986) . creases to 0.75 A when all residues are included ( Table 3) . Plots of the number of interresidue NOEs and (RMSD) values per residue are provided in Figure 8 .
The protease/DMP323 structure was also calculated in manner that was completely independent of X-ray data by entering all constraints involving DMP323 in an ambiguous manner following the strategy of Nilges (1993) and described in the Materials and methods. Although the use of ambiguous constraints reduces the percentage of accepted structures (of 40 initial structures, the calculation yielded 4 acceptable final structures), these had low energies (total X-PLOR energy <650 kcal/mol) and acceptable distance (<0.3 A) and dihedral angle (<So) constraint violations. It is noteworthy that, within the precision of the calculations, these 4 structures were indistinguishable from the 28 accepted structures calculated as described above. Furthermore, the internuclear distances derived from the 4 structures yield the same set of assignments of the symmetry related constraints that were used to calculate the 28 final structures. This result shows that the Nilges approach provides the correct assignments of the symmetry-related constraints from the NMR data alone; hence, the assignments used are independent of information available from crystal structures. [SA\ represents the ensemble of 28 final simulated annealing structures; (SA) is the mean structure obtained by averaging the coordinates of the 28 individual SA structures best fitted to one another, neglecting the loop residues; (SA), is the structure obtained by restrained minimization of (SA); X-ray is the crystal structure (Chang et al., submitted) .
Backbone NH, C", CO.
Discussion
Using distance and angle constraints derived from NOES and coupling constants, respectively, we have solved the 3D structure of the HIV-I protease/DMP323 complex in solution. Although numerous high-resolution crystal structures of HIV protease complexes have been solved by X-ray diffraction meth- (Fig. 7B) depicts the backbone conformation of the restrained minimized average NMR solution structure. The first four residues, rl-4, form the outer part of the interfacial four-stranded 0-sheet that stabilizes the dimeric structure. Following a disordered loop, r4-8, a second 0 strand, 1-9-15, continues through a 0-1' hairpin and into a third (antiparallel) strand, r19-25, which terminates in the active site loop, r26-29. The fourth 0-strand, r30-35, is followed by a large poorly ordered loop, 1-36-44. The flap covering the inhibitor follows this loop, and consists of 0-strand 5 , r45-49, a 0-hairpin, r49-52, and @-strand 6,133-60. Strand 6 is terminated by a twist at r61, which is followed by strand 7, r62-65, a possibly disordered &hairpin, 1-66-69, strand 8, r70-78, and a final loop, r79-82. The chain continues with strand 9, r83-86, the single helix of the protease, r87-95, and terminates with 0-strand 10, r96-99, which forms the inner part of the dimer interface. In general, the restrained minimized average NMR structure, (SA),., closely resembles the X-ray structures of inhibitorbound protease molecules (Wlodawer & Erickson, 1993; Lam et al., 1994; Chang et al., submitted) . A diagram of the aligned backbone traces of the X-ray (Chang et al., submitted) and (SA), NMR structures of the protease/DMP323 complex (Fig. 9) shows that the two structures superpose quite closely, with the exception of regions of the sequence that are disordered in the (SA), structure. This is illustrated in Figure 8B and C. The former is a plot of the (RMSD) per residue for the ensemble of 28 accepted NMR structures (SA) relative to the average NMR structure (SA), and therefore provides a measure of the precision of the NMR structure determination. Figure 8C is a plot of the pairwise RMSD, for backbone coordinates of the X-ray and NMR (SA), structures. Comparison of Figure 8B , C, and D shows Fig. 9 . Comparison of the traces of C" coordinates of the X-ray (dashed line) and restrained minimized average NMR (heavy solid line) structures of the HIV protease/DMP323 complex. Backbone coordinates of residues 1-3, 9-35, 46-66, and 70-99 of each monomer were used to align the structures. The pairwise RMS difference of backPone heavy atom coordinates of all residues in the twp structures is 1.22 A. The pairwise RMS difference decreases to I .05 A when the RMS calculation is restricted to the backbone coordinates of residues used to make the alignment.
that the agreement between the X-ray and NMR structures generally parallels the precision of the NMR structure and the X-ray B-factors (Chang et al., submitted) . This result indicates that the solution and crystal structures are essentially the same, except in regions where the polypeptide chain is disordered.
In NMR structures, disorder, as reflected by large (RMSD) values, is a consequence of an insufficient number of distance and angle constraints to define a precise structure. For example, a prominent spike in the plot of the NMR (RMSD) (Fig. 8B ) occurs for residues 67-69, a region of the sequence with relatively few constraints. Examination of the backbone dihedral angles of the ensemble of NMR structures shows that residues 66-69 form both type 1' and type 11' @-hairpins, with a relative frequencies of 0.82 and 0.18, respectively. The classification of the NOE between the amide protons of Cys-67 and Gly-68 as "weak" permits both ( 3 I ' and 011' turns to be consistent with the NOE data. Alternatively, If this single NOE is classified as medium, a type I' 6-turn is found in all NMR structures. However, because the observed NOE is on the borderline between weak and medium, the type 11' turn cannot be rigorously excluded. It is interesting that, in the crystal structure of the complex, residues 66-69 form a @-II'type turn, but these residues have large B-factors (Fig. 8D) .
A paucity of NMR constraints can arise from various causes, such as limited signal to noise, poor resolution, and line broadening (due to proton exchange with solvent or internal dynamics). In the case of the HIV protease/DMP323 complex, with the exception of residues 66-69 discussed above, residues that are disordered in the NMR structure correlate well with residues of the protein backbone identified as flexible in ''N spin relaxation studies (Nicholson et al., 1995b) . For example, residues in the loop from Leu-38 to Trp-42 were shown to execute largeamplitude internal motions on the nanosecond-picosecond time scale. It is noteworthy that this region of the protein sequence has the largest B-factors in the X-ray structure of the protease/DMP323 complex (Chang et al., submitted) and is also involved in interprotein lattice contacts.
In contrast with the rapid nanosecond-picosecond time scale motions observed for residues 38-42, residues Thr-4 and Leu-5 were inferred to execute motions on the millisecond-microsecond time scale (Nicholson et al., 1995b) from the short ''N T2 values and ' H line broadening of residues in the N-and C-terminal regions of the sequence. The line broadening was particularly severe for Leu-5. The signals of this residue have not been assigned, because we have not observed Leu-5 resonances in any spectra that have been recorded. A consequence of the broad lines of residues 4 and 5 is that relatively few NOEs were observed in this region of the sequence, resulting in a poorly defined backbone conformation, in contrast with the crystal structure. Interprotein lattice contacts involving residues 4-7 may stabilize the conformation of this region of the protease in the crystal structure. It is interesting that the primary site of autolysis of the protease is the Leu-S/Trp-6 peptide bond. It has been suggested (Rose et al., 1993) that the rate of cleavage of this bond may regulate the activity of the protease in vivo. I f this is the case, the flexibility of this region of the sequence could be important for viral function
The other region of the protease that was found to execute motions on a millisecond-microsecond time scale was the tips of the flaps (Nicholson et al., 1995b) , in particular the peptide bond linking Ile-50 and Gly-51 located in the @-turn at the tips of the protease flaps. In crystal structures, the tips of the flaps are well ordered and are not involved in lattice contacts; however, their conformation varies from structure to structure (Wlodawer & Erickson, 1993) . In most crystal structures, the tips of the flaps form an asymmetric hydrogen bonded &turn structure with a 6-1 type turn in one monomer that hydrogen bonds to a 6-11 type turn in the second monomer. In the various cyclic urea crystal structures, symmetric structures are observed, in which the turns are either 61/61 or pII/6II and cannot form an intermonomer hydrogen bond. In our brief summary of the solution structure, the tip of the protease flap, r49-52, was described as a 6-turn. This is an incomplete description, and requires further careful comment, because the tips of the flaps are thought to have an important functional role in stabilizing the enzyme-substrate complex and in facilitating product release (Wlodawer & Erickson, 1993; Collins et al., 1995; Nicholson et al., 1995a) . ''N NMR relaxation studies have shown that the tips of the flaps are flexible when the protease is complexed with potent inhibitors (Nicholson et al., 199%) . The flap motions have correlation times on the NMR chemical shift time scale, and cause significant broadening of the amide signals of Ile-50 and Gly-51. Due to this line broadening, the interpretation of the NOEs involving these protons requires special care. For example, in Fig- ure 5B, the dnN and dNN NOEs involving these residues appear weak in comparison with NOEs of Gly-49 and Gly-52. However, this is due to the fact that the diagonal signal intensity of Ile-50 and Gly-5 1 is ca. three times less than that of the adjacent residues because of their broad lines. For example, in the Gly-52 strip, the dNN (51,52) NOE has a considerably larger intensity than the same NOE in the Gly-51 strip. However, when the intensities of the NOEs are normalized relative to their diagonal intensities, this asymmetry in the intensity of these related cross peaks is greatly reduced (Table 4) . Furthermore, the Ile-50 and Gly-5 I NH NOEs are sizable, in the range of 5-25%, when the mixing time is 65 ms. Neither a 6-1 turn nor a 6-11 turn alone can account for the Gly-51 NH NOE intensities, when these NOEs are properly classified as medium or strong. A 6-11 turn, but not a p-I turn, is consistent with strong dcyN (50, 51) and dNN (51,52) NOEs. However, the p-11 turn is not consistent with a medium dNN (50,51) NOE. In contrast, the NOE data is consistent with the presence of 6-1 and 6-11 turns (relative populations ca. 0.4 and 0.6, respectively) in fast dynamic equilibrium on the NOE time scale (ca. 100 ms).
Calculations using X-PLOR 3.1 show that the dcrN (50,51) and dNN (50,51) NOEs alone are sufficient to define the turn types at the tips of the flaps. The calculated turn type is 6-11 when dnN (50,51) is classified strong and dNN (50, 51) is ClaSSified weak, whereas the turn type switches to @-I when the intensity classifications are reversed. When Gly-51 NH constraints are omitted from the structure calculation, the tips of flaps are a 1:2 mixture of asymmetric (type I/type 11) and symmetric (type II/type I f ) @ turns. Although the classification of the Gly-51 NH NOEs determines the structure at the tips of the flaps, these NOEs do not influence the remainder of the structure. The three pairwise RMSD values for the protease backbone coordinates are 0.25 A for the three structures having flaps that are (1) mixed @-I/p-lI turns, (2) both p-I turns, and (3) both 0-11 turns.
Although the NMR data provide strong evidence that the turns at the tips of the flaps are a mixture of type I and type 11, neither the relaxation nor the NOE data can by themselves de- termine if the conformations present in solution are a combination of symmetric type p-I/type 6-1 and type P-II/type p-II turns or are primarily the asymmetric type P-I/type 6-11 species. Attempts to "freeze out" and characterize the individual conformations, by recording spectra in the 4-10 "C temperature range, were not successful because all signals are very broad in this temperature range. It seems reasonable that, upon crystal formation, one of the solution conformations is stabilized in the solid state. In view of the fact that the hydrogen bond stabilized asymmetric p-I/p-II type turns are the most common structures found in protease/inhibitor complexes in crystals, it is reasonable to propose that they are the predominant structures in solution as well.
Summary
Although the NMR structure of the HIV protease/DMP323 complex in solution closely resembles the 3D crystal structure obtained from X-ray diffraction (Chang et al., submitted) , the two structures differ locally in several regions of the sequence that appear to be important for function. Although the tips of the protease flaps are well ordered in individual crystal structures, NOE and relaxation data indicate that residues Ile-50/Gly-5 1 are flexible on the microsecond time scale, probably as a consequence of a local crank shaft type motion of the Ile-50/Gly-51 peptide bond that interconverts a p-I and p-I1 turn. Both X-ray (Wlodawer & Erickson, 1993) and NMR studies show that the flap hinges are disordered, and I5N relaxation data shows that, in solution, the hinge disorder is a result of motions on the nanosecond-picosecond time scale (Nicholson et al., 1995b) . The flexibility of the flap hinges and tips is thought to be important in allowing substrate binding and product release (Wlodawer & Erickson, 1993; Collins et al., 1995; Nicholson et al., 1995b) . The other region of the protease sequence that exhibits flexibility in solution includes residues Thr-4 and Leu-5, which form part of an N-terminal loop. This loop is ordered in the crystal but poorly ordered and flexible in solution. Here flexibility may play a role in regulating the in vivo activity of the protease by facilitating autolysis (Rose et al., 1993; Nicholson et al., 1995b) . The significant levels of flexibility evident in the structure of the protease when complexed with a highly potent inhibitor such as DMP323 suggests that the uninhibited enzyme is very flexible. This hypothesis has already been suggested by X-ray studies of the uninhibited protein (Wlodawer & Erickson, 1993) , which show open flaps that permit access to the active site. A dynamic structure of the free protease may explain its ability to accept a wide range of substrates and to tolerate mutations at numerous sites without severely impacting its activity. Although autolysis precludes NMR studies of the wild-type enzyme by NMR methods, mutants have been prepared recently that are fully active and are significantly more stable than the parent enzyme (Mildner et al., 1994) . This development may open the way to characterize the structure and dynamics of the free enzyme in solution using NMR methods.
Materials and methods
Expression and purification of HIV-protease and NMR sample preparation
HIV-I protease (strain HXB2) was produced in Escherichia coli as described previously (Cheng et al., 1990 ) using the expression vector pETl la and host bacterial strain BL21 (Studier et al., 1990) . A cysteine to alanine mutation was introduced at residue 95, to reduce the tendency of the protein to form intermolecular disulfide bonds, using PCR (Higuchi et al., 1988) . Cells were grown in minimal media at 37 "C, 30% p02, pH 7, in a 2-L Braun model MD fermentor. The medium was supplemented with I5NH4CI ( 5 g/L) and 13C-glucose (ca. 11 g/L) for the expression of uniformly '3C/'5N-labeled protein. When the cell density reached an optical density of ca. 5 at 600 nm, protein expression was induced with 2 mM IPTG at 32 "C for 4 h. The cell pellet (ca. 25 g wet weight) was suspended in five volumes of break buffer containing: 50mM Tris-HC1, pH 8.0,5 mM EDTA, 5 mM benzamidine-HCI, and 5 mM DTT. Cells were lysed by the French press and clarified by centrifugation at 20,000 x g for 45 min. The insoluble HIV-protease was washed by resuspension with break buffer containing 0.5% Triton X-100 and 1 M urea; centrifugation was as above for 30 min. This step was repeated twice and the final pellet solubilized with 30 mL of 50 mM Tris-HCI, pH 7.5, containing 8 M guanidine-HCI and 5 mM DTT. After clarification of the extract by centrifugation, it was applied to a Superdex 200 column (6-cm diameter X 60-cm) equilibrated with 50 mM Tris-HCI, pH 7.5, 4 M guanidine-HCI, 1 mM EDTA, and 2 mM DTT. The column was eluted at 4 mL/min; fractions containing protease were pooled and concentrated by ultrafiltration (10,000 M, cut-off membrane) to 40-45 mL. The concentrate was applied to a Superdex 75 column (6.0-cm diameter X 60-cm), equilibrated, and eluted as above. The peak fractions containing pure protease were pooled and stored in aliquots (ca. 1 mg/mL) at -80 "C.
Aliquots (10 mL) were applied to a Source 15 RPC column (1 .O-cm diameter x IO-cm; Pharmacia) equilibrated with 0.1 To (v/v) TFA in water. The column was eluted at 5 mL/min using a linear gradient (ca. 3-column volumes) of 30-70% acetonitrile. Column fractions were assayed by SDS-PAGE (18% acrylamide gels from Novex) after removing the guanidine-HC1 by the method of Pepinsky (1990) . Protease eluted at ca. 45% acetonitrile and was adjusted to 0.5-0.8 mg/mL with 50% acetonitrile containing 0.1% TFA.
A fivefold molar excess of the inhibitor DMP-323 (added from a 50-mM stock in DMSO) was added and the solution (15-30 mL) was dialyzed for 12-14 h at 4 "C against two changes of 4 L of 50 mM sodium acetate, pH 4.5, containing 5 mM DTT. It was found unnecessary to add inhibitor to the dialysis buffer.
Isotopic heterodimers of '3C/'5N-labeled and unlabeled protease C95A were prepared by mixing 10 mg of each protein in 10 mM Tris-HC1, pH 7.5, containing 4 M guanidine-HC1. DTT was added from a 1-M stock to a final concentration of 20 mM. The mixture was incubated at 20-24 "C for 15 min, then acidified by the addition of TFA to a final concentration of 0.19'0.
The mixture was applied to the Source 15 RPC column and processed as described above.
Folded proteins were concentrated to ca. 1 mL using an Amicon centriprep-10 centrifugal concentrator (10,000 M, cut-off membrane). The protein concentration of both folded and denatured protein was estimated by measuring the absorbance in a I-cm-pathlength cell at 280 nm. A molar extinction coefficient of 12.7 mM" cm-l was used (based on monomeric molecular weight of 10,747). The purified proteins exhibited single bands on SDS-PAGE, had the expected N-terminal sequences, and were dimeric as determined by sedimentation equilibrium measurements. The recovery of folded protein from the reversephase purified starting material was >959'0, and the yield of labeled protein was typically 40-60 mg/L of minimal growth media.
NMR spectra were recorded on solutions containing the HIV-1 protease/inhibitor complex (ca.
0.75 mM) in H 2 0 / D 2 0 (959'0/5%) containing NaAc (50 mM, pH 5.2) and D n (5 mM). Sample volumes were either 430 pL in Wilmad tubes (Wilmad Glass Company, Buena, New Jersey, USA) or 220 pL in Shigemi NMR tubes (Shigemi, Inc., Allison Park, Pennsylvania, USA). NMR tubes were purged with either argon or nitrogen and the Wilmad tubes sealed with a septum cap or by flame, whereas the Shigemi tubes were tightly wrapped with Teflon tape and parafilm.
NMR spectroscopy
NMR spectra were recorded on Bruker AMSOO, AMXSOO, AM600, and AMX600 spectrometers using carbon optimized, triple-resonance ('H, 13C, "N) probes operating at 34 "C. Pulsed z-gradients were employed in experiments performed on the AMX600 spectrometer. The 2D and 3D NMR experiments used to obtain signal assignments have been described (Yamazaki et al., 1994a) . Stereospecific assignments of a-and &protons, and the methyl side chains of Val and Leu residues, were achieved by a combination of quantitative J measurements (Bax et al., 1994) and NOESY data. The proton signals of DMP323 were assigned using a combination of 2D "C-filtered (in F1 and F2) COSY and NOESY spectra (Ikura & Bax, 1992) , the latter obtained with mixing times of 50 and 80 ms. The detailed procedure used to assign the DMP323 proton signals is provided in the Supplementary material in the Electronic Appendix, together with all protein 'H, I3C, and 15N signal assignments. 'H, I3C, and "N chemical shifts were, respectively, referenced to HDO, (4.68 ppm at 34 "C), indirectly to TSP (Bax & Subramanian, 1986 ) (13C), and to liquid ammonia (Live et al., 1984) (I5N) .
3D "N-separated IH-I'N NOESY-HSQC spectra were recorded at 600 MHz, with mixing times of 65 and 100 ms, the former spectrum using water flip back (Grzesiek & Bax, 1993) . A 4D 13C/L3C-separated *H-I3C HMQC-NOESY-HMQC spectrum was recorded at 600 MHz with a mixing time of 120 ms.
A 3D 13C-filtered/'3C-selected NOESY-HMQC spectrum was obtained with a 100-ms mixing time in order to assign NOEs between the inhibitor and the protease. The following isotopefiltered experiments were performed on a protease isotopic heterodimer (in which ca. 50% of the dimers contained a fully I3C/I5N labeled monomer and an unlabeled monomer): (1) a 3D I5N-separated I3C-filtered NOESY-HSQC experiment with a 100-ms mixing time and (2) a 3D '3C-separated/'3C-filtered NOESY-HSQC spectrum with a 1 IO-ms mixing time. The parameters used to record the various multidimensional spectra are summarized in the Electronic Appendix.
NOE connectivities were classified (Williamson et al., 1985; Clore et al., 1986) as strong (1.8-2.7 A), medium (1.8-3.3 A), weak (1.8-4.3 A), and very weak (1.8-5.0A). The upper distance limit was corrected for constraints involving methyl protons and methylene protons that were not assigned stereospecifically (Wuthrich et al., 1983) . Because spin diffusion can distort the relationship between signal intensity and internuclear distance in a molecule the size of the protease (22 kDa, 7,. ca. 9 ns [Nicholson et al., 1995b] ), the NOESY spectra were interpreted in a conservative fashion, particularly for spectra obtained with larger mixing times and when NOEs involved methylene protons. If an intensity classification was doubtful, the weaker category was chosen. In addition, in the filtered/edited spectra that contained additional delay times and may lack diagonal peaks, nearly all observed cross peaks were classified as weak or very weak. Although this classification procedure reduces the precision of the calculated structures, it minimizes errors that can arise when cross peak intensities are enhanced by large T2 values or spin diffusion. Hydrogen bond distance constraints were applied to N and 0 atoms (2.8-3.3 A) and HN and 0 atoms ( I .8-2.3 A) in regular secondary structures having small amide exchange rates. Torsion angle constraints on 4 and $ angles were derived from 3JHNHcr coupling constants (Vuister & Bax, 1993) and short-range NOEs. Phi angles were constrained to the range from -30" to -90" for J values less than 6 Hz and to the range from -80 to -160" for J values >8 Hz. Chi, angles were determined from HOHAHA connectivities and short-range NOEs and ROES (Clore et al., 1991) combined with 'JHNHd and 3JNHo coupling constants (Archer et al., 1991; Vuister et al., 1993a) . Chi, angles were normally restricted to a k60" range. Lists of all NOE and dihedral angle constraints are provided in the Electronic Appendix.
Structure calculations
Structures of the protease/DMP323 complex were calculated using the hybrid distance geometry-dynamical simulated annealing method (Nilges et al., 1988) as contained in X-PLOR 3.1 (Brunger, 1992) . The structure calculation proceeded in three stages. In the first stage, a low-resolution structure of the protease monomer was determined using only dihedral angle and intramolecular NOE constraints. The structure was obtained using the standard X-PLOR protocol, starting with an extended structure generated by the generate-template routine, followed by embedding of a subset of atoms of the template using the dg-sub-embed routine. Next, DG and SA were applied using the dgsa routine to the full structures, which were then refined using the refine routine. The structures were improved in iterative fashion, with additional NOEs added to the calculation as errors or ambiguities in NOE assignments were resolved. This stage of the calculation was terminated when the backbone (RMSD) was ca. 1 A with few NOE violations >0.5 A. In the second stage of the structure calculation, the same protocol was applied to determine the structure of the protease dimer, by generating a template containing two monomer chains, and including intermonomer NOEs in the constraint table. Again, the structures were improved in an iterative fashion by adding and correcting constraints with each round of calculation until a backbone (RMSD) of 0.85 A was attained with no NOE violations >0.5 A and no dihedral angle violations >5". For the third and final stage of the structure calculation, molecular topology, parameter and structure files were constructed for DMP323. These are provided in the Electronic Appendix. The sevenmembered cyclic urea ring was fixed into the pseudo chair conformation (Fig. 6 ) (observed in small molecule crystal structures [Lam et al., 19941 and consistent with DMP323 NOEs observed in spectra of the complex) by setting the improper dihedral angles of the urea ring to appropriate values. No other dihedral angles in the inhibitor molecule were restrained. Three protein structure files (monomer 1, DMP323, and monomer 2) were generated and aligned in a template file. Alternative alignments yielded the same final structures, but required significantly more refinement cycles. Next a dg-sub-embed calculation was applied to the template structure, but no constraints involving the DMP323 molecule were used in this part of the calculation, i.e., only the structure of the two protease monomers is calculated and the structure of DMP323 is not changed. Next the dgsa routine was applied to the full embedded structure using all NOE and dihedral constraints, yielding a structure of the proteasehnhibitor complex, which was then refined. Again, an iterative procedure was used to improve the structures. The final round of calculations began with 40 initial structures, 28 of which, after refinement, had NOE and dihedral angle violations <0.3 A and 5", respectively. Constraints used to generate these final structures and the structural statistics are summarized in Table 2 .
The average coordinates (SA) of the ensemble of 28 structures were subjected to 1,000 cycles of Powell restrained minimization (Nilges et al., 1988) to improve stereochemistry and nonbonded contacts. The structural statistics for the restrained minimized structure, (SA),, are summarized in Table 2 , and the coordinate RMSDs calculated for the (SA), (SA), (SA),, and X-ray (Chang et al., submitted) structures are compared in Table 3 .
As noted earlier, the 28 structures were calculated using assignments of symmetry-related NOEs involving the protease and DMP323 that were derived from known X-ray structures. These symmetry NOEs were subsequently assigned using the NMR data alone using the method of Nilges (1993) in the following manner. All constraints involving a proton of the protease ( p ) and a proton of DMP323 were entered as being from ( p ) in residue n or n + 100. Additionally, NOEs involving aromatic ring 6 ( E ) protons of DMP 323 were entered as 61 or 62 ( € 1 or €2). Applying the X-PLOR protocol to 40 starting structures, 4 acceptable final structures were obtained having constraint violations, energies, and conformations essentially indistinguishable from the 28 structures described above. Of the remaining 36 structures, 8 had ca. IO constraint violations and ca. fivefold higher energies than the 4 accepted structures, whereas 27 structures had 20-400 constraint violations and 30-200-fold higher energies. The internuclear distances derived from the four accepted structures yielded model-independent assignments of the symmetry-related NOEs that were the same as those used to calculate the 28 final structures described in Tables 2 and 3 . Coordinates of the 28 final structures and the restrained minimized average structure have been submitted to the Brookhaven Protein Data Bank.
Supplementary material in Electronic Appendix
The Electronic Appendix (Yamazaki.SUP in the SUPLEMNT folder) contains: (1) the procedure used to assign the inhibitor signals; (2) tables listing the pulse sequences and parameters used to obtain the constraints, all 'H, I3C, and ''N signal assignments, and all NOE and dihedral constraints; (3) DMP323 parameter, topology, and structure files used in X-PLOR calculations; (4) a figure summarizing sequential and intermediaterange NOE connectivities, slowly exchanging amide hydrogens, bon chemical shifts from random coil values, and regions of secondary structure.
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